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Abstract 
The prolific Ti3Co5B2 structure type has produced exciting materials with tunable magnetic properties, 
ranging from soft magnetic Ti2FeRh5B2, to semihard magnetic Ti2FeRu4RhB2 and hard magnetic 
Sc2FeRu3Ir2B2. Density functional theory (DFT) was employed to investigate their spin–orbit coupling 
effect, spin exchange, and magnetic dipole–dipole interactions in order to understand their magnetic 
anisotropy and relate it to their various coercivities, with the objective of being able to predict new 
materials with large magnetic anisotropy. Our calculations show that the contribution of magnetic 
dipole–dipole interactions to the magnetocrystalline anisotropy energy (MAE) in Ti3Co5B2-type 
compounds is much weaker than the spin–orbit coupling effect, and Sc2FeRu3Ir2B2 has, by far, the 
largest MAE and strong intrachain and interchain Fe–Fe spin exchange coupling, thus confirming its hard 
magnetic properties. We then targeted materials containing the more earth-abundant and less expensive 
Co, instead of Rh, Ru or Ir, so that our study started with Ti3Co5B2, which we found to be nonmagnetic. In 
the next step, substitutions on the Ti sites in Ti3Co5B2 led to new potential quaternary phases with the 
general formula T2T′Co5B2 (T = Ti, Hf; T′ = Mn, Fe). For Hf2MnCo5B2, we found a large MAE (+0.96 meV/
f.u.) but relatively weak interchain Mn–Mn spin exchange interactions, whereas for Hf2FeCo5B2, there is 
a relatively smaller MAE (+0.17 meV/f.u.) but strong Fe–Fe interchain and intrachain spin exchange 
interactions. Therefore, these two Co-rich phases are predicted to be new rare-earth-free, semihard to 
hard magnetic materials. 
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Abstract 
The prolific Ti3Co5B2 structure type has produced exciting materials with tunable magnetic 
properties, ranging from soft magnetic Ti2FeRh5B2, to semi-hard magnetic Ti2FeRu4RhB2 and hard 
magnetic Sc2FeRu3Ir2B2. Density functional theory (DFT) was employed to investigate their spin-
orbit coupling effect (SOC), spin exchange, and magnetic dipole-dipole (MDD) interactions in 
order to understand their magnetic anisotropy and relate it to their various coercivities, with the 
aim to predict new materials with large magnetic anisotropy. Our calculations show that the 
contribution of MDD interactions to the magnetocrystalline anisotropy energy (MAE) in 
Ti3Co5B2-type compounds is much weaker compared with the SOC effect, and Sc2FeRu3Ir2B2 has 
by far the largest MAE, thus confirming its hard magnetic properties. We then targeted materials 
containing the less expensive and abundant Co, instead of Rh, Ru or Ir, so that our study started 
with Ti3Co5B2, which we found to be paramagnetic. In the next step, substitutions on the Ti sites 
in Ti3Co5B2, led to new potential quaternary phases with general formula T2T′Co5B2 (T = Ti, Hf; 
T′ = Mn, Fe). For “Hf2MnCo5B2” we found large MAE (+ 0.96 meV/f.u.) but relatively weak inter-
chain Mn−Mn spin exchange interactions, whereas for “Hf2FeCo5B2” relatively smaller MAE (+ 
0.17 meV/f.u.) but strong Fe−Fe inter- and intra-chain spin exchange interactions were found. 
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Permanent magnetic materials are widely used in mobile phones and laptops, NMR 
imagers for medical and industrial applications and recent environmentally friendly technologies 
such as hybrid vehicles and wind turbines.1-3 The rare-earth based complex intermetallic 
compounds, such as Nd2Fe14B and SmCo5, are considered the best permanent magnets to date.
4 
However, rare-earth elements are expensive to mine and process.1 To satisfy the rapidly growing 
demand for permanent magnets and reduce their cost, the search for rare-earth-free magnetic 
materials with high energy products (BH)max has become prevalent. (BH)max is generally related to 
the remanent magnetization Mr, and coercivity Hc, which basically originates from the magnetic 
anisotropy K1 (anisotropy constant). Mn-based alloys such as MnBi, MnAl, Mn-Ga and Mn-Ge 
(Hc usually several hundred kA/m),
5-6 the binaries Hf-Co and Zr-Co alloys (Hc = 40-400 kA/m)
7-8 
and the L10-ordered
6 CoPt, FePt and FePd are widely investigated rare-earth-free permanent 
magnetic materials due to their high K1 and Tc values. Recently, our group synthesized quinary 
Ti3Co5B2-type series, Ti2FeRu5−nRhnB2 (n = 1−5, VE = 63−67 e),
9 all members of which were 
found to be ferromagnetic below their respective Curie temperatures. Interestingly, with 
decreasing valence electron count from 67 to 63 e, increasing Hc values from 0.9 to 23.9 kA/m 
were observed, leading to the first semi-hard transition metal magnetic borides. By replacing Ti 
and Rh respectively with Sc and Ir, we also synthesized Sc2FeRu5−xIrxB2 (x = 0−5, VE = 60−65 
e),10 in which the 62 and 63 e members have the highest coercivity measured for transition metal 
borides so far, with values of 51.6 kA/m for 62 e and 52.4 kA/m for 63 e. 
 
Figure 1. Crystal structure of Ti3Co5B2. Red spheres represent Ti1 (T′: 2a), yellow for Ti2 (T: 4g), 




The Ti3Co5B2-type structure (see Figure 1) crystallizes in the tetragonal space group 
P4/mbm, and can be described as face-connected tetragonal, pentagonal and edge-sharing double 
trigonal prisms of Co atoms. The prisms are stacked along the c direction, thereby building 
channels. Ti atoms occupy both the tetragonal and pentagonal prism centers, while B atoms reside 
in the trigonal prisms. So far, most of the Ti3Co5B2-type compounds have 4d and 5d transition 
metals on the Co sites and 3d magnetically active metals on the tetragonal prism site. This structure 
can also be viewed as a stacking of planar layers, one containing just Co atoms and the other, Ti 
and B atoms, that alternate along the c direction (see Figure 1, right). This particular structural 
arrangement has already produced more than 60 phases, some of which have quite exciting 
magnetic properties such as the above-mentioned series.9-19 The present work will focus on using 
computational methods to uncover new phases with potentially interesting magnetic properties, in 
particular the magnetic anisotropy of these materials will be studied for the first time. 
Understanding the driving force behind the coercivity changes in the Ti2FeRu5−nRhnB2 and 
Sc2FeRu5−xIrxB2 series would certainly help with the design of transition metal borides with large 
magnetic anisotropy.  
Magnetic anisotropy (in this paper we focus on crystal structure related anisotropy only, 
but macroscopic effects such as grain shapes and surface defects are not included), in which spins 
tend to prefer a particular orientation over others, is indispensable for maintaining the metastable 
domain configuration required of a permanent magnet, because it strongly affects the shape of 
hysteresis loops and controls the coercivity and remanence. On an atomic scale, single-ion 
magnetic anisotropy arises through spin-orbit coupling (SOC).20 Relative orientations between 
magnetic ions are controlled by spin exchange couplings. Spins are parallel to each other for 
ferromagnetic (FM) interactions but antiparallel for antiferromagnetic (AFM) interactions if there 
is no severe spin frustration in the spin exchange pathways. The long range magnetic dipole-dipole 
(MDD) interactions also contribute to the magnetic anisotropy of a magnetic solid, but the 
contributions are usually smaller compared with SOC and spin exchange.21,22a SOC effects can be 
evaluated by the total electronic energy difference between easy and hard spin orientations induced 







i ∙ e⃑ ij)(S⃑ j ∙ e⃑ ij) + (S⃑ i ∙ S⃑ j)] 
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in which g is the electron g factor, B is the Bohr magneton, rij is the distance between the spin 
sites i and j, and eij is the unit vector along the rij distance. In this paper, the overall contribution of 
SOC and MDD interactions are assessed by the magnetocrystalline anisotropy energy (MAE), 
defined as the difference of the total energies with SOC and MDD in easy and hard spin 
orientations (MAE = E∥c − E⊥c).  Finally, the strength and nature, i.e., FM or AFM, of spin 
exchange coupling will be rationalized by comparing the total electronic energies of different 
magnetic states. 
  We have investigated the magnetic anisotropy of Ti2FeRh5B2 (67 e), Ti2FeRhRu4B2 (63 
e) and Sc2FeRu3Ir2B2 (62 e) by examining the SOC effect, MDD interactions, and spin exchange 
couplings through density functional theory (DFT) calculations. Based on these results, we then 
introduced Mn and Fe to replace Ti atoms in the tetragonal prismatic site (T′ site) of paramagnetic 
Ti3Co5B2 to create hypothetical magnetically ordered compounds and studied their magnetic 
anisotropy using electronic structure calculations. In addition, we replaced the pentagonal site Ti 
atoms (T site) with the high spin-orbit coupling element Hf to tune the magnetic anisotropy. 
 
2- Computational Details 
DFT calculations were used to investigate the electronic structures and spin orientations in 
Ti2FeRh5B2, Ti2FeRu4RhB2, Sc2FeRu3Ir2B2 and “T2T′Co5B2” (T = Ti, Hf; T′ = Mn, Fe). Total 
energy calculations were performed using the projector augmented wave (PAW) method of 
Blöchl23a,b coded in the Vienna ab initio simulation package (VASP).23c All VASP calculations 
employed the generalized gradient approximation (GGA) with exchange and correlation treated 
by the Perdew-Burke-Enzerhoff (PBE) functional.23d The cutoff energy for the plane wave 
calculations was set to 500 eV and the Brillouin zone integrations were carried out using a 5  5  
15 k-point mesh for Ti2FeRh5B2, Ti2FeRhRu4B2 and Sc2FeRu3Ir2B2, whereas a 5  5  13 k-point 
mesh was used for “T2T′Co5B2” (T = Ti, Hf; T′ = Mn, Fe) and a 5  5  7 k-point mesh was used 
for the a  a  2c supercell. GGA+SOC calculations were employed to examine the spin-orbit 
coupling effect. Usually, a tetragonal system has either an easy magnetization axis (c-axis) or an 
easy magnetization plane (ab-plane) depending on the sign of the anisotropy constants K1 and K2.24 
Therefore, the total energy differences between spin parallel to the c-axis (∥c) and perpendicular 
to the c-axis (⊥c, specifically ∥a is used in this paper) for each compound were calculated. 
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Magnetic dipole-dipole (MDD) interactions were evaluated using the lattice model program 
developed by Xiang.22 
For chemical bonding was assessed via crystal orbital Hamilton population (COHP) 
analyses, electronic structure calculations were carried out using the Stuttgart version of the tight-
binding, linear muffin-tin orbital (TB-LMTO) method with the atomic spheres approximation.25a 
Within TB-LMTO, exchange and correlation were treated using the von Barth-Hedin local density 
(LDA) and local spin density approximation (LSDA).25b All relativistic effects except spin-orbit 
coupling were taken into account using a scalar relativistic approximation.25c The basis sets were 
4s/4p/3d for Ti, Mn, Fe and Co, 5s/5p/4d/(4f) for Rh, 6s/6p/5d/(5f) for Hf, 2s/2p/(3d) for B, and 
1s/(2p)/(3d) for empty sphere (E) with orbitals in parentheses down-folded.25d The Brillouin zone 
was sampled by 130 k-points. 
 
3- Results and Discussion 
a) Ti2FeRh5B2, Ti2FeRu4RhB2 and Sc2FeRu3Ir2B2: Increasing Coercivity 
To investigate the experimentally observed increase in coercivity from 0.9 kA/m for 
Ti2FeRh5B2 to 23.9 kA/m for Ti2FeRu4RhB2 and 51.6 kA/m for Sc2FeRu3Ir2B2, the MAE was 
evaluated by GGA+SOC and MDD calculations, using the lattice parameters and atomic positions 
determined by X-ray diffraction.9,10 Ferromagnetic (FM) states were used for all the MAE 
calculations. Because of the mixed occupancy on the 2c and 8j sites in Ti2FeRu4RhB2 and 
Sc2FeRu3Ir2B2, low energy models were used according to previous work.
17,19(a) In Ti2FeRu4RhB2, 
Rh atoms occupy two out of eight possible positions from the 8j site, arranged in a way that avoids 
short Rh−Rh distances, and Ru atoms occupy the remaining 8j positions and those from the 2c site. 
In Sc2FeRu3Ir2B2, a supercell (doubled crystallographic unit cell along the c-axis containing two 
Ru/Ir layers) was used with Ir atoms residing on the 8j positions in one layer and Ru atoms 
inhabiting all the 2c sites and the remaining 8j positions in the other layer. These two models have 
in common that the electron-richer element (Rh or Ir) prefers the 8j site while Ru prefers the 2c 
site, in accordance with experimental single-crystal X-ray diffraction studies of Ir/Ru-based 
coumpounds.10 
The results of this investigation are listed in Table 1. The contribution of the MDD 
interactions to the MAE is in the order of 10−2 meV per formula unit (meV/f.u.) for all phases 
studied, and it is quite weak if compared to the contribution from SOC effects. For the SOC 
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contribution, orientation ∥c is favored over orientation ⊥c by 0.18 meV/f.u. and 0.23 meV/f.u. for 
Ti2FeRh5B2 and Ti2FeRu4RhB2, respectively. These values are comparable to the calculated MAE 
of hard magnetic MnBi (about −0.15 meV/f.u.)26. There is very little difference between the 
resulting MAE of Ti2FeRh5B2 (−0.21 meV/f.u.) and Ti2FeRu4RhB2 (−0.25 meV/f.u.), a result 
which is somewhat surprising given the drastic increase in coercivity from 0.9 kA/m for 
Ti2FeRh5B2 to 23.9 KA/m for Ti2FeRu4RhB2, the two of which were synthesized by arc melting. 
To understand the contrasting behavior between theory and experiment, spin exchange interactions 
were studied by bonding analysis as well as evaluation of the relative energies of three different 
magnetic states, namely, FM, AFM1 and AFM2: The AFM1 model contains ferromagnetic Fe 
chains that interact antiferromagnetically with their nearest Fe chain neighbors and the AFM2 
model contains alternating spins along the Fe chain (c-direction) and parallel spins in the ab-plane. 
The non-spin polarized electronic structure calculations of Ti2FeRh5B2 results in the presence of a 
peak in the DOS at the Fermi level (EF) that also corresponds to Fe−Fe and Rh2−Fe antibonding 
interactions (see Figure 2, left). However, spin-polarized calculations reduced these antibonding 
interactions (see Figure 2, right), thereby suggesting that the Rh2−Fe and intra-chain Fe−Fe 
interactions couple ferromagnetically.27 In addition, the Fe−Fe inter-chain interaction is also 
ferromagnetic but quite weak because FM is only 3.74 meV/f.u. (43.4 Kelvin) energetically more 
favorable than AFM1 (see Table 2). The weak inter-chain spin exchange interaction makes it easy 
to flip the spins of isolated Fe chains under an applied magnetic field, giving rise to a small 
coercivity.28 For Ti2FeRu4RhB2, however, the AFM1 state is lower in energy than FM by 30.55 
meV/f.u., an indication of strong AFM inter-chain spin exchange coupling, which explains the 
much larger coercivity observed, because the strong interaction among the Fe chains makes it hard 
to flip the spins under an applied magnetic field.28 Sc2FeRu3Ir2B2 has not only strong inter-chain 
spin exchange interactions (proved by the large relative energy of AFM1) but also large MAE 
(−2.85 meV/f.u.) owing to the strong SOC effect of the 5d metal Ir. As a result, Sc2FeRu3Ir2B2 has 
by far the largest coercivity. In summary, strong spin exchange and large MAE (especially strong 
SOC effect, since MDD contribution is usually small) are prerequisites for large coercivity and 




Table 1. Energies (in meV/f.u.) of the spin orientation ∥c relative to those of the orientation ⊥c 
calculated from the GGA+SOC and MDD calculations for the FM states. MDD: magnetic dipole-
dipole, SOC: spin-orbit coupling, MAE = E∥c − E⊥c: magnetocrystalline anisotropy energy.  
 Ti2FeRh5B2 Ti2FeRu4RhB2 Sc2FeRu3Ir2B2 
“T2MnCo5B2” “T2FeCo5B2” 
T=Ti T=Hf T=Ti T=Hf 
SOC −0.18 −0.23 −2.83 +0.12 +0.99 +0.14 +0.20 
MDD −0.03 −0.02 −0.02 −0.03 −0.03 −0.03 −0.03 
MAE −0.21 −0.25 −2.85 +0.09 +0.96 +0.11 +0.17 
 
Table 2. Energies (in meV/f.u.) of the AFM1 and AFM2 states relative to the FM state for 
Ti3Co5B2-type quaternary and quinary compounds from VASP spin-polarized calculations. 
 Ti2FeRh5B2 Ti2FeRu4RhB2 Sc2FeRu3Ir2B2 
“T2MnCo5B2” “T2FeCo5B2” 
T=Ti T=Hf T=Ti T=Hf 
AFM1 +3.74 −30.55 −36.77 −9.82 +5.46 +53.09 +58.88 
AFM2 +11.70 −8.33 −26.00 +154.51 +194.77 +199.07 +155.79 
 
 
Figure 2. Left: Non-spin-polarized DOS (top) and COHP curves (bottom) for Ti2FeRh5B2; Right: 





b) Predicting Magnetic Ordering and Quantities in “T2T′Co5B2” (T = Ti, Hf; T′ = Mn, 
Fe) 
In the previous section, we found that AFM interactions were present in the compounds 
Ti2FeRu4RhB2 and Sc2FeRu3Ir2B2 although they have high coercive forces. In fact, the AFM1 and 
AFM2 states of these compounds have relatively low energies when compared to the FM state. To 
search for new potential FM intermetallic borides with strong magnetic anisotropy, the “T2T′Co5B2” 
(T = Ti, Hf; T′ = Mn, Fe) series has been examined. Their structures were obtained by substituting 
Mn (or Fe) and Hf for Ti atoms in Ti3Co5B2. First, we will discuss the results of the parent Ti3Co5B2 
before moving on to the “Ti2T′Co5B2” and “Hf2T′Co5B2” (T′ = Mn, Fe) phases. 
 
Figure 3. Non-spin-polarized DOS (bottom) and COHP curves (top) for Ti3Co5B2. The partial 
DOS are indicated by blue: Co2, cyan: Co1, yellow: Ti1, red: Ti2, green: B. 
Figure 3 shows the non-spin polarized density of states (DOS) of Ti3Co5B2 and COHP 
curves for various Ti−Co interactions. The Fermi level (EF) falls into a pseudogap in the DOS plot, 
an indication of electronic stability. As a result, spin-polarized electronic structure calculations on 
Ti3Co5B2 reveals no moments on either Ti or Co sites. Based on the partial DOS plots, most of the 
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Co 3d states are occupied below EF, while a large part of the Ti 3d states remain unoccupied above 
EF. By replacing Ti atoms with empty spheres (E), the DOS curve shows no pseudogap near EF 
for “E3Co5B2” (Figure S1, supporting information). Therefore, Ti−Co interactions play an 
important role for opening a pseudogap near the Fermi level in Ti3Co5B2. Based on the Ti−Co 
COHP curves in Figure 3, all the Co−Ti2 interactions are nearly optimized, and there are 
essentially nonbonding states between −0.6 eV and EF. Although the Co2−Ti1 interaction is not 
optimized at the Fermi level, there is a wide shallow gap between −0.6 eV and 0.5 eV.  
If Ti atoms would be replaced by a late 3d transition metal, the Fermi level would shift to 
energies above the pseudogap and lie on a peak of the DOS, which establishes a potential electronic 
instability. Removing this electronic instability through spin-polarization could produce a 
magnetic moment on the late 3d transition metal. Consequently, Fe and Mn were introduced into 
the system at one of two Ti sites. One Ti site lies in the center of the tetragonal prism (T′ site) 
whereas the other resides inside the pentagonal prism (T site). Based on a Bader charge analysis28 
given in Table 3, the T′ site is more electron-rich, so more electronegative 3d elements, i.e. Fe and 
Mn over Ti, prefer the T′ site. In addition, smaller atoms, i.e., Fe and Mn, prefer the tetragonal 
prisms over the pentagonal prisms. By replacing the T′ site Ti in Ti3Co5B2 with Fe or Mn, 






Figure 4. Non-spin-polarized (left) and spin-polarized (right) partial DOS for Ti3Co5B2 (bottom), 
“Ti2MnCo5B2” (middle), “Ti2FeCo5B2” (top). The partial DOSs are indicated by black: T′ site (Ti, 
Mn or Fe), red: T site (Ti). 
 
Table 3. Valence electron populations at different sites in the structure of Ti3Co5B2. 
 Ti (T′ site, 2a) Ti (T site, 4g) Co1 (2c) Co2 (8j) B (4g) 
Electron 
population 





Figure 5. Non-spin-polarized COHP curves for “Ti2MnCo5B2” (bottom) and “Ti2FeCo5B2” (top).  
The crystal structures of “Ti2MnCo5B2” and “Ti2FeCo5B2” (see Table S1, supporting 
information) were optimized using the experimental structure of Ti3Co5B2 as an initial guess until 
residual forces achieved values below −0.02 eV/Å. In the DOS plot of non-spin-polarized 
Ti3Co5B2, there is a pseudogap at EF for the two Ti sites (see Figure 4, left). By replacing Ti on 
the T′ site with Mn or Fe, the 3d states of Mn (or Fe) move towards lower energy and EF falls right 
on a peak of the 3d states, an indication of electronic instability. Spin-polarized electronic structure 
calculations reduce this instability and produce a large magnetic moment on Mn (2.83 B) or Fe 
(2.71 B) atoms (see Table 4). Splitting the majority and minority spin functions opens a pseudogap 
at the Fermi level in the spin-polarized DOS curves of “Ti2MnCo5B2” and “Ti2FeCo5B2” (see 
Figure 4, right). There is a small overlap between Mn (or Fe) states and those of the Ti site at EF, 
so a small moment is induced at the Ti site (−0.16 B and −0.23 B in “Ti2MnCo5B2” and 
“Ti2FeCo5B2”, respectively), but Ti couples antiferromagnetically with Mn (or Fe). As mentioned 
above, the 3d states of Mn (or Fe) move towards lower energy if compared with those of Ti (T′ 
site) in Ti3Co5B2, and they have high electron density at EF. These states interact strongly with the 
Co2 3d orbitals, forming strong Mn−Co2 (or Fe−Co2) antibonding interactions at EF (see Figure 
12 
 
5). As a result, Mn (or Fe) atoms are ferromagnetically coupled27 with Co2 atoms and induce a 
moment of 0.36 B at Co2 sites in “Ti2MnCo5B2” (or 0.44 B in “Ti2FeCo5B2”). 
 
Table 4. Calculated atomic magnetic moments (in B) and total magnetic moments (in B/f.u.) in 
various Ti3Co5B2-type intermetallic borides.  
 Fe (2a) Ti/Sc (4g) Ru/Rh (2c) Ru/Rh/Ir (8j) B (4g) Total 
Ti2FeRh5B2 +3.10   0.00 +0.12 +0.24 +0.01 4.20 
Ti2FeRh4RhB2 +2.70 −0.07 −0.01 
+0.16 (Rh)  
+0.08 (Ru) 
+0.01 2.97 
Sc2FeRu3Ir2B2 +2.69 −0.05 −0.05 
+0.06 (Ru)  
+0.07 (Ir) 
  0.00 2.81 
       
 Mn/Fe (2a) Ti/Hf (4g) Co1 (2c) Co2 (8j) B (4g) Total 
“Ti2MnCo5B2” +2.83 −0.16 +0.07 +0.36   0.00 4.03 
“Hf2MnCo5B2” +3.20 −0.14 +0.11 +0.41   0.00 4.67 
“Ti2FeCo5B2” +2.71 −0.23 +0.08 +0.44 −0.01 4.08 
“Hf2FeCo5B2” +2.79 −0.14 +0.07 +0.37 −0.02 4.02 
 
The MAE for “Ti2MnCo5B2” and “Ti2FeCo5B2” is +0.09 meV/f.u. and +0.11 meV/f.u., 
respectively. Although the magnetic moment on Co is significantly larger than those on Ru, Rh 
and Ir in Ti2FeRh5B2, Ti2FeRu4RhB2 and Sc2FeRu3Ir2B2 (see Table 4), the MDD contribution 
(−0.03meV/f.u.) to the MAE is still small. In addition, spin orientation ⊥c is preferred over spin 
orientation ∥c based on SOC results. To increase the SOC effect, the 3d metal Ti at the T site was 
replaced with the 5d metal Hf, and the resulting MAE increased to +0.96 meV/f.u. for 
“Hf2MnCo5B2” and to +0.17 meV/f.u. for “Hf2FeCo5B2”. The total energies of AFM1 and AFM2 
states are higher than that of FM, indicating FM inter- and intra-chain Fe−Fe spin exchange 
interactions (see Table 2). “Hf2MnCo5B2” has a large MAE but relatively weaker inter-chain 
interactions (AFM1 is higher in energy than FM by only 5.46 meV/f.u.), whereas “Hf2FeCo5B2” 
has relatively smaller MAE but strong inter- and intra-chain spin exchange interactions (AFM1 
and AFM2 is higher in energy than FM by 58.88 meV/f.u. and 155.79 meV/f.u., respectively). So, 
both “Hf2MnCo5B2” and “Hf2FeCo5B2” are suitable candidates for semi-hard to hard magnetic 





The SOC effect, MDD interactions, and spin exchange couplings in soft magnetic 
Ti2FeRh5B2, semi-hard magnetic Ti2FeRu4RhB2, and hard magnetic Sc2FeRu3Ir2B2 were 
investigated by DFT calculations in order to understand their magnetic anisotropy. Both SOC and 
MDD suggest an easy magnetization axis in the three tetragonal systems, because the spin 
orientation ∥c is energetically favored over spin orientation ⊥c. The MDD contribution to the MAE 
is much weaker compared with the SOC effect. The small coercivity of Ti2FeRh5B2 is caused by 
weak Fe−Fe inter-chain interactions, which result in magnetically isolated Fe chains, thus making 
it easy to flip their spins under an applied magnetic field. Sc2FeRu3Ir2B2 has the largest coercivity 
among the three compounds owing to the strong spin exchange interactions and high SOC effect 
of the 5d metal Ir. Although Ti2FeRu4RhB2 and Sc2FeRu3Ir2B2 have high coercivities, AFM 
interactions are present in the compounds. These findings were the basis of the second part of this 
work, in which we have predicted new magnetic intermetallic borides with high magnetic 
anisotropy. In fact, by targeted substitutions in paramagnetic Ti3Co5B2, viz., magnetically active 
elements Mn and Fe for Ti in T′ sites or Hf, which has a large SOC effect, for Ti in T sites, new 
phases with general formulae “T2T′Co5B2” (T = Ti, Hf; T′ = Mn, Fe) are predicted. Our 
calculations demonstrate that “Hf2MnCo5B2” and “Hf2FeCo5B2” are good candidates for semi-
hard to hard magnets. Another way to obtain Ti3Co5B2-type intermetallic borides with strong 
magnetic anisotropy would be to replace Sc by Hf at the high Ir concentration end of the 
Sc2FeRu5−xIrxB2 (x = 0−5, VE = 60−65 e) series, because the high valence electron count will 
ensure strong FM interactions whereas the Hf and Ir 5d states will provide a strong SOC effect. 
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The magnetic anisotropy of the Ti3Co5B2-type compounds was investigated using density 
functional theory (DFT) calculations. We found that strong spin exchange and large 
magnetocrystalline anisotropy energy (MAE), especially strong spin-orbit coupling (SOC), are 
prerequisites for large coercivity and strong magnetic anisotropy in these compounds. 
“Hf2MnCo5B2” and “Hf2FeCo5B2” are predicted to be new rare-earth-free, semi-hard to hard 
magnetic materials. 
